Feedback delivered over auditory and vibratory afferent pathways has different effects on the fluency of people who stutter (PWS). These features were exploited to investigate the neural structures involved in stuttering. The speech signal vibrated locations on the body (vibrotactile feedback, VTF). Eleven PWS read passages under VTF and control (no-VTF) conditions. All combinations of vibration amplitude, synchronous or delayed VTF and vibrator position (hand, sternum or forehead) were presented. Control conditions were performed at the beginning, middle and end of test sessions. Stuttering rate, but not speaking rate, differed between the control and VTF conditions. Notably, speaking rate did not change between when VTF was delayed versus when it was synchronous in contrast with what happens with auditory feedback. This showed that cerebellar mechanisms, which are affected when auditory feedback is delayed, were not implicated in the fluency-enhancing effects of VTF, suggesting that there is a second fluency-enhancing mechanism.
Introduction
Stuttering interrupts the forward flow of speech (Howell, 2010) . Meta-analyses have identified three replicable and distinctive anomalous neural patterns that are associated with stuttering (Belyk, Kraft & Brown, 2014; Brown, Ingham, Ingham, Laird & Fox, 2005; Budde, Barron & Fox, 2014) : (1) activity in auditory cortex is reduced; there is over-activity in (2) the right frontal operculum and/or anterior insula; and (3) the cerebellar vermis. Stimulating these affected brain regions could have an impact on stuttering (Howell & Lu, 2016) . One way of doing this is to deliver exteroceptive sensory inputs that transmit to the regions where activity is anomalous and determine what effects these modulations have on the fluency of PWS. Applying this logic, auditory stimulation with metronome clicks or masking noises (Cherry & Sayers, 1956 ) ameliorated stuttering. Presenting a changed version of the speaker's own voice (altered auditory feedback, AAF) by delaying (DAF) it or altering its spectral content (FSF) also affected the fluency of PWS (Howell, El-Yaniv & Powell, 1987) . These improvements under AAF have been replicated and extended in research (for reviews : Howell, 2004; Kalinowski & Saltuklaroglu, 2006) and clinical settings (for review : Lincoln, Packman, & Onslow, 2006) . A prosthetic device that delivers DAF and FSF whilst PWS speak is available (Stuart et al., 2003) .
A related issues concerns whether stuttering changes when nonauditory stimuli are presented to PWS whilst they speak. These inputs employ transmission pathways that by-pass or transmit over additional afferent pathways to those involved in audition. These properties provide a way of determining the role that the included and excluded neural structures play in stuttering. The most extensively investigated non-auditory modality is vibration. In one procedure, the speaker's vocal output drives vibration transducers attached to the body (vibrotactile feedback, VTF). VTF and AAF are similar in that they both: (1) change speech feedback from its normal state; and (2) improve the fluency of PWS (Kuniszyk-Jozkowiak, Smolka & Adamczyk, 1996; Snyder, Blanchet, Waddell, & Ivy, 2009; Waddell, Goggans & Snyder, 2012) . VTF and AAF are transmitted over different neural pathways, at least to levels below the thalamic nuclei (see Hendelman (2005) and Juliano and Mclaughlin (1999) respectively for reviews of the auditory and vibratory pathways). Consequently, VTF pathways bypass the subthalamic afferent auditory pathways that project from the cochlea to the cerebellum and auditory cortex.
The present study exploited the known differences between auditory and vibratory afferent architectures and the changes to speech control that occur under AAF and VTF in PWS, to investigate neural mechanisms for facilitating fluency. As background: (1) the pathways to somatosensory cortex that VTF takes are described and compared with the auditory pathways; (2) the ways VTF influences the fluency of PWS are reviewed; (3) a neural model, that proposes how auditory inputs improve the fluency of PWS, is described. One way in which the model could be revised to account for how VTF affects the speech of PWS by https://doi.org/10.1016/j.bandl.2018.03.002 Received 2 June 2017; Received in revised form 23 January 2018; Accepted 31 March 2018 incorporating the observations about projection pathways is considered; and (4) the predictions for the current study that derive from the revised model are presented.
Vibratory and auditory pathways
Two types of mechanoreceptor in the skin are responsible for detecting vibration: Meissner's corpuscles are sensitive to frequencies between 30 and 50 Hz; Pacinian corpuscles detect vibrations between 100 and 400 Hz (peak sensitivity of 250 Hz) (Griffin, 1990; Siegel & Sapru, 2006) .
The main sensory trigeminal cranial nerve (CN) and posterior column-medial lemniscal (non-CN) pathways transmit vibrotactile information to primary somatosensory cortex. The trigeminal CN enters the brainstem at the level of the mid-pons and ascends via the trigeminal lemniscus, to the thalamus, and from there to primary somatosensory cortex (Juliano & Mclaughlin, 1999) . This pathway carries information about discriminative touch for the face and top of the head. The fasciculus gracilis, which forms part of the posterior column-medial lemniscal pathway, provides information about vibration from the upper part of the body (t6 and above, including the arms) to the primary somatosensory cortex via the medulla and thalamus. Neither vibratory pathway transmits via the cerebellum.
The afferent auditory system projects from the cochlear nucleus to the inferior colliculus and then via the medial geniculate nucleus to auditory cortex (Hendelman, 2005) . The medial geniculate nucleus is part of the thalamic relay system and auditory projections after this may meet up with the post-thalamic vibration pathways. Auditory stimulation activates cerebellar pathways: There are direct connections from the cochlear nucleus to the vermis area of the cerebellum (part of its medial division) in mammals (Huang, Liu & Huang, 1982; Niemer & Cheng, 1949; Zhang, Sun & Jen, 1990) . The anatomy of all parts of the cerebellum is similar (Edge, Marple-Horvat & Apps, 2003) , allowing the inputs to medial cerebellum to activate the lateral cerebellum directly.
A MEG study by Caetano and Jousmaki (2006) showed that 200 Hz vibrotactile stimulation activated primary somatosensory as well as auditory cortex and activation of the latter was not due to sound artefacts. Consequently, vibration and audition may share a pathway which, anatomical considerations suggest, would have to lie above the thalamus (Hendelman, 2005; Juliano & Mclaughlin, 1999) . The postthalamic structures could be responsible for the fluency-enhancing effects of VTF and any form of AAF that is transmitted to them. In contrast, any cerebellar mechanisms involved in fluency-enhancement could only be accessed by auditory inputs because they transmit to this structure whereas vibrotactile stimulation by-passes them. -Jozkowiak et al. (1996) investigated how synchronous and asynchronous auditory, vibratory and visual speech feedback affected fluency (percentage syllables stuttered, %SS) and speaking rate (number of syllables uttered per second). Synchronous (0 ms delay) and asynchronous (delays of 50, 100 and 160 ms) feedback were investigated in all modalities. %SS and speaking rate reduced significantly as feedback delay increased for all modalities. Both measures reduced more under Delayed Auditory Feedback (DAF) than under delayed VTF.
Effects of VTF on PWS

Kuniszyk
PWS in Snyder et al.'s (2009) study held their thyroid cartilage between thumb and index finger. This synchronous VTF reduced stuttering frequency by 72% when compared to a condition where there was no VTF. Speaking rate was not examined. Waddell et al. (2012) picked up vibration on the throat either by microphone or by accelerometer and used this to deliver synchronous VTF to tactile stimulators held between the index finger and thumb.
Stuttering frequency reduced significantly and depended on whether a microphone or an accelerometer was used to pick up the vibration; accelerometer-driven feedback led to most improvement.
Model for processing auditory inputs that are asynchronous with vocalization and modifications for incorporating VTF effects
Auditory and motor inputs are synchronous when speech is fluent. For example, an efferent copy of fluent speech plans has the same time pattern as the corresponding speech output (Howell & Sackin, 2002) . Differencing the timing patterns of these synchronous inputs would null them and absence of activity could signal that speech is fluent and no change to speech control is necessary (Howell, 2010) .
DAF creates a situation where the sound of the speaker's voice is asynchronous with the speech plans and speech output. Asynchronous events can also occur in normal listening conditions when speech is dysfluent. For example, stuttered speech may arise because PWS initiate speech before planning is complete (Howell, 2010) . Planning can continue during the time that the speech is uttered. If an efferent copy of the plan was taken at the point at which speech was initiated, then this would be asynchronous with the eventual auditory output. Differencing the timing patterns of asynchronous inputs (DAF and stuttered speech) would not cancel. Speakers may use the signal that is selectively generated when inputs are asynchronous as an indication to reduce speaking rate. Consistent with this, DAF slows the speaking rate of fluent speakers, as first reported by Lee (1950) . DAF has been used to slow the speaking rate of PWS (Goldiamond, 1965) as a fluency intervention that would allow time to complete speech-planning. The reduction in speaking rate would remove the condition that led to the fluency problem and inputs that were asynchronous would reinstate to synchrony.
Two observations support the view that slowing speaking rate puts plans and outputs back into synchrony and allows fluency to be regained (Howell, 2010) : (1) Empirical reports show that the reduced speaking rate under DAF improves fluency (Brendel, Lowit & Howell, 2005; Goldiamond, 1965; Howell, Wingfield & Johnson, 1988; Ryan, 1974) . Whilst PWS can achieve fluency gains when they increase their overall speaking rate under AAF Kalinowski, Armson, Stuart, and Gracco (1993) ), speaking rate is low in the vicinity of segments that have a high likelihood of attracting stuttering (Howell & Sackin, 2000) . For instance, DAF always leads to stressed vowels being prolonged under different speaking rates and DAF delays (Kalveram, 2001; Kalveram & Jäncke, 1989) ; (2) voluntary reductions in speaking rate in normal listening conditions enhance the fluency of PWS (Adams, Lewis & Besozzi, 1973; Andrews, Howie, Dozsa & Guitar, 1982; Janssen & Wieneke, 1987; Perkins, Bell, Johnson, & Stocks, 1979; Vanryckeghem, Glessing, Brutten & McAlindon, 1999) .
The cerebellum has been proposed as the site of timing control structures that determine whether inputs during vocalization are synchronous, and if they are not, to initiate a slowing response. Howell and Sackin (2002) used Wing and Kristofferson's (1973) task to investigate how the cerebellum operates under DAF (i.e. when inputs are asynchronous). In the task, participants attempt to produce motor outputs isochronously (i.e. at equally timed intervals). Wing and Kristofferson (1973) decomposed the variance in the responses into motor (Mv) and timekeeper (clock variance, Cv). Ivry (1997) showed that these variance components are mediated by different parts of the cerebellum since lesions in the lateral or the medial parts of the cerebellum led to deficits in Cv or Mv respectively. Speakers in Howell and Sackin (2002) produced syllables isochronously under normal (synchronous) and DAF (asynchronous) feedback conditions. Only Cv increased under DAF compared to normal feedback. From this, Howell and Sackin (2002) proposed that the timekeeper in the lateral cerebellum detected when inputs were asynchronous. The Watkins', Smith, Davis, and Howell (2008) fMRI study reported increased activity in the cerebellum under DAF, which is also consistent with the view that the lateral cerebellum identifies asynchronous inputs that could then be used to trigger a rate reduction that would improve the fluency of PWS. 1 VTF could not access the synchrony-detection mechanism since vibration is not transmitted via the cerebellum. Nevertheless, VTF improves the fluency of PWS (Kuniszyk-Jozkowiak et al., 1996; Snyder et al., 2009; Waddell et al., 2012) . This suggests that rate control by the cerebellum is not the only way to improve fluency. Also consistent with a second fluency-inducing mechanism, AAF that is synchronous with speech, such as real-time frequency-shifted speech, FSF has ameliorative effects on fluency. Furthermore, VTF should not affect speech timing if the lateral cerebellum controls rate. This second fluency-enhancing mechanism could reside in the post-thalamic structures that are available to VTF and synchronous AAF (i.e. FSF).
The VTF literature generally supports the view that the second fluency-enhancing mechanism affects speech control of PWS in a different way from that which arises when asynchronous auditory inputs activate cerebellar timing mechanisms. Synchronous VTF (Snyder et al., 2009; Waddell et al., 2012) enhances fluency. Neither of these VTF studies looked at speaking rate and they did not investigate asynchronous VTF. However, Kuniszyk-Jozkowiak et al.'s (1996) study: (1) demonstrated that DAF has more effect on speaking rate than does asynchronous VTF. It may be that only DAF invokes the lateral cerebellar mechanism and hence fluency is affected in a different way from when it arises from the second fluency-enhancing mechanism; (2) reported that speaking rate did not differ between synchronous VTF and synchronous auditory feedback conditions. This would be expected if both employ a fluency-enhancing mechanism other than the cerebellum. On the other hand, based on the hypothesis of a second, noncerebellar fluency-inducing mechanism that is not affected when inputs are asynchronous, it is unclear why delayed VTF reduced stuttering rate and speech timing more than synchronous VTF and why this difference was more marked as feedback delays were increased (KuniszykJozkowiak et al., 1996) . The present study aimed to check the first result (the high number of conditions in the present study prevented examination of delay effects).
Predictions about the fluency-enhancing effects of VTF and about ancillary parameters that are manipulated
Two predictions about the second fluency-enhancing mechanism are tested below: (1) VTF should lead to fluency improvements relative to no-VTF control conditions (Snyder et al., 2009; Waddell et al., 2012) . Improvements should be equivalent regardless of whether VTF is synchronous or asynchronous with voice; (2) Making VTF asynchronous with speech by delaying it should not affect speaking rate relative to synchronous VTF. This is because the cerebellum, that triggers the change in speaking rate, is not included in the vibratory pathways. Conditions with no-feedback change (baseline controls), immediate VTF, and VTF delayed by 200 ms were employed to test the predictions about synchronous versus asynchronous VTF.
Two extra factors were manipulated under VTF stimulation to provide additional information about vibration pathways (stimulation sites) or to allow further comparison with studies about the fluencyenhancing effects of AAF and VTF (amplitude variation):
1. Stimulation sites were hand, sternum and forehead. The hand allowed comparison with previous studies (VTF was delivered to the middle and centre fingers in Kuniszyk-Jozkowiak et al. (1996) and Waddell et al. (2012) respectively). The sternum was used because it is an unobtrusive location for VTF fluency aids. Vibration is transmitted via the main sensory trigeminal pathway when applied to the forehead or via the medial lemniscal pathway for the other sites. Hence inclusion of the forehead site tests whether VTF on one or both pathways affects the speech of PWS. 2. Kuniszyk-Jozkowiak et al. (1996) , Snyder et al. (2009) and Waddell et al. (2012) did not control amplitude of VTF (it varied with the amplitude of the primary speech signal). However, amplitude of stimulation affects speech under DAF (Howell & Archer, 1984) . Furthermore, Jones and Striemer (2007) argued that participants could focus better on the primary speech signal and reduce DAF's disruptive effects, when the delayed sound was at low, as opposed to high, amplitude. Therefore, amplitude needs exploring with respect to VTF. It was hypothesized that fluency should be enhanced more when amplitude of VTF is high (Howell & Archer, 1984; Jones & Striemer, 2007) , unless response to amplitude variation is another property that distinguishes the two fluency-enhancing mechanisms.
Materials and methods
Participants
Eleven right-handed adult PWS (six male and five female) participated. Age ranged from 24 to 63 years (median age = 43, mean age = 43.72, standard deviation = 10.78). The inclusion criterion was that they had to stutter currently. Stuttering Severity Index 4, SSI-4 (Riley, 2009) 2 scores were between 5 and 23. The study was approved by the UCL Experimental Psychology ethics committee.
Procedure and instrumentation
Participants read different 300-syllable extracts from 'The Life of Pi' (Martel, 2002) at one practice, three control and 18 conditions where feedback was manipulated. The 22 passages varied between 'fairly easy' and 'easy' on the Flesch (1948) Reading Ease Scale (scores between 75 and 85). No VTF was presented during the practice and three control readings which were administered before, in the middle of, and at the conclusion of testing).
3 Three independent variables were manipulated in the VTF conditions: (1) Tactile stimulator placement (finger, sternum and forehead); (2) ). The choice of amplitude ranges was partly governed by the sensitivity range of the accelerometer used (vibration below 0.5 m/s 2 was not detectable). Participants performed all 18 altered VTF conditions (3 stimulator placement × 2 synchronicity × 3 amplitude conditions). A Latin square was used to assign passages to conditions. The order of the three tactile placement conditions was established at random. Placement condition was blocked (e.g. the six finger, then the six forehead followed by the six sternum conditions). Blocking in this way avoided having to reposition the tactile stimulator. Finally, the order of synchronicity and amplitude conditions within each placement condition was randomized. Fig. 1 summarizes the equipment layout. To generate VTF, speech 1 Another account has been offered by Kalinowski and Saltuklaroglu (2006) . They hypothesized that the speech feedback under FSF and DAF lead to PWS perceiving the secondary speech signal as an exogenous sound that can activate mirror neurons responsible for fluent language rapidly. Side effects would be avoided if fluency can be induced in PWS under AAF without speaking rate being affected. However, as reported earlier, speaking rate is affected in difficult sections even though overall speaking rate may be unaffected (Howell & Sackin, 2000; Kalveram & Jäncke, 1989) . Also, Hickok (2009) has raised several critical observations concerning the role of mirror neurons in human actions.
2 SSI-4 scores: of all (N = 11) participants were: median score = 10, standard deviation = 5.66. The eight participants who had "very mild" severity scores had median score = 9, standard deviation = 2.17. The three participants with "mild" severity scores had median score = 19, standard deviation = 2.16. 3 The mid-point baseline condition was introduced after the first two participants had been tested. The data from these two participants were retained and the midpoint control was treated as missing data in analyses.
was amplified (pre-amp, M-Audio, Audiobuddy, amplifier, Quad, 520) and delivered to a 'Woojer' miniature wearable subwoofer, (< http:// www.woojer.com >). The Woojer had a resonant frequency of approximately 100 Hz which was audible in the high amplitude conditions. Consequently, the speech input was low-pass filtered (Barr & Stroud, Variable Filter EF3) before transmission to the Woojer (cutoff 180 Hz and roll-off 48 dB/octave). The driving signal was input to a PC for calibration and monitoring using Audacity software (< http:// www.audacity.sourceforge.net >). The Woojer was attached to parts of the body with elastic straps. The stimulator placements were: centre finger of the participant's dominant hand (Waddell et al., 2012) ; between the second and fifth articular depressions of the sternum; centre of the forehead. Delay was zero in the immediate feedback control conditions. Speech Monitor software (< http://www.speechmonitor.org >) was used to generate a VTF delay of 200 ms. Fig. 2 summarizes the amplitude calibration process. Amplitude was calibrated using a lightweight digital accelerometer (Bosch BMA180, < http://www.bosch-sensortec.com >) positioned 1 cm from the tactile stimulator (attached to the participant's skin with electrical tape). The accelerometer transduced vibration from the surface of the body, passed it via a Teensy USB microcontroller (model 3.1, < http:// www.pjrc.com >) to the PC which displayed the amplitude in real time (Processing, < https://processing.org >). The participant read a text and the VTF generated was amplified and then adjusted to the required intensity range (0.5-1 m/s 2 , 1.5-2 m/s 2 or 2.5-3 m/s 2 ) using a Shure, FP11 Automatic Gain Controller (AGC).
Statistical analysis
The speech files in the control and experimental conditions were analysed using Speech Filing System, SFS (Huckvale, 2013) . The following measurements were obtained in all conditions: (1) percentage of syllables stuttered (%SS). Stuttering events were defined as blocks, partword repetitions or prolongations (Riley, 2009) . The number of stuttering events was divided by the number of syllables and converted to a percentage; (2) Riley's (2009) procedure was used to count syllables and these were then used to calculate speaking rate in syllables produced per second (SPPS); (3) the duration of each recording.
Ten percent of the recordings were re-estimated by the first two authors (the first author made the original assessments). For intra-rater reliability, the average intraclass correlation coefficient was 0.998 for %SS (95% confidence intervals from 0.996 to 0.999, F (23, 24) = 611.855, p = 0.000) and 0.945 for SPPS (95% confidence intervals from 0.873 to 0.976, F(23, 24) = 17.756, p = 0.000). For inter-rater reliability, the average measure intraclass correlation coefficient was 0.997 for %SS (95% confidence interval from 0.992 to 0.998, F(23, 24) = 287.918, p = 0.000) and 0.954 for SPPS 95% confidence interval from 0.893 to 0.961 (F(23, 24) = 21.598, p = 0.000).
Results
Stuttering rate (%SS)
The %SS and SPPS data for individual participants are presented in Tables 1 and 2 for the control and experimental conditions respectively. Table 3 shows individual participant rates of %SS at baseline (i.e. pretesting control condition) and during experimental conditions (an average of all experimental conditions was taken).
The moments of the probability distribution of %SS (mean, variance, skewness and kurtosis) are given in Tables 4 and for the control and experimental conditions respectively. Table 4 shows that, for %SS, the control data varied across participants but the amount of variation was about the same across these respective conditions (see Table 5 ).
Control conditions were compared first to establish whether receiving VTF in the intervening conditions affected %SS. Wilcoxon Signed-ranks tests were performed as the data were not normally distributed (Shapiro-Wilk below 0.05). Pre/post, pre/mid and mid/post comparisons were made and Bonferroni correction was applied (adjusted p value was 0.017). Table 6 shows that none of the differences were significant. In this analysis, there were no carry-over effects from the experimental to the control conditions.
The next analysis determined whether %SS changed in the experimental VTF conditions relative to control conditions. The ratios of the mean of the three %SS control conditions to the mean of the 18 %SS experimental conditions were calculated for each participant. Ratios greater than 1 indicated that %SS in control conditions were higher than those in experimental conditions (VTF reduced %SS). The transformation: (1) reduced individual variability (i.e. participants who stuttered relatively little in the control conditions were likely to experience a small improvement in the experimental conditions and viceversa for participants who stuttered a lot); and (2) normalized the data distribution (Shapiro-Wilks test statistic was > 0.05, skewness and kurtosis values were in the +/−1 range, Hartley's FMax indicated variances were similar). The ratio of control mean/experimental mean was significantly greater than 1 (t (10) = 2.687, p = 0.023 with η 2 = 0.647, a medium effect). Hence VTF significantly reduced %SS rate using a statistic where the magnitude of the reduction was proportional to the initial baseline %SS. Next, a within-subjects Analysis of Covariance (ANCOVA) was conducted to determine whether particular placements (finger, sternum, forehead), amplitudes (low, medium, high), and variations in synchronicity (immediate, delayed) affected %SS differentially. Pre-test %SS was used as the covariate to limit the influences of severity variations across participants. Mauchly's test indicated that sphericity was violated for the experimental data. Therefore, the degrees of freedom for the main effects and interactions reported below used revised Greenhouse-Geisser estimates. The main effects and interactions that were significant in the initial analyses were not significant in follow-up analyses (see Table 7 for statistics).
Syllables produced per second (SPPS)
SPPS scores (Table 3) were compared across the three control conditions to establish whether VTF led to carry-over effects on speaking rate. Shapiro-Wilk test indicated normal distribution, Hartley's FMax showed approximately similar variances and data were ratio in nature. Hence, paired samples t-tests were used with Bonferroni correction applied (the adjusted p value was 0.017). None of the differences were significant (statistics are summarized in Table 8 ).
Next, the average SPPS across the control conditions was compared with the average SPPS across the experimental conditions. Criteria for parametric analysis were met (i.e. Shapiro-Wilks test indicated normal distribution, Hartley's FMax indicated approximately similar variances, ratio data). A paired-samples t-test showed that there was no significant difference between control and experimental conditions (t (10) = −2.138, p = 0.058), which indicated that VTF did not affect SPPS. The overall SPSS means for the control and experimental conditions were 2.7998 (SD 0.7283) and 2.8976 (SD 0.6786) respectively.
The ratios of SPPS for all three control/all 18 experimental conditions were not distributed normally (Shapiro-Wilks test statistic had p < 0.05). Therefore, the parametric test conducted on ratios using % SS was not conducted.
As indicated previously, there was no effect of SPPS across control conditions, which suggests that speaking rates were stable. Hence, an ANOVA, rather than an ANCOVA, was conducted to determine any effects of placement, amplitude, and synchronicity on SPPS. Mauchly's test indicated that sphericity was violated for two interactions (placement and sychronicity; placement, amplitude, and synchronicity) and hence the degrees of freedom for these interactions used revised Greenhouse-Geisser estimates. All main effects and interactions were non-significant (p values were between 0.318 and 0.954, see Table 9 for statistics). Of particular note is the lack of an effect of synchronous versus delayed VTF on SPPS: Mean SPPS was virtually identical in the immediate (M = 2.9010 SD = 0.6962) and delayed conditions (M = 2.8942, SD = 0.6632). Thus, delaying VTF did not affect speaking rate.
Discussion
Summary and implications of findings for accounts of fluency enhancement
VTF reduced stuttering rate. This confirmed hypothesis one and replicated and extended previous reports (Kuniszyk-Jozkowiak et al., 1996; Snyder et al., 2009; Waddell et al., 2012) .
Speaking rate was not affected by VTF in several analyses and confirmed hypothesis two. There was a non-significant trend for syllables spoken per second to reduce (slower speaking rate) over the control, rather than the VTF conditions. The present findings about rate are not consistent with Kuniszyk-Jozkowiak et al. (1996) , who found that delaying VTF slowed speech.
The third hypothesis examined concerned whether vibration transmitted via the main sensory trigeminal CN (activated by vibration applied to the forehead) and non-CN pathways (activated by vibration applied to the fingers and sternum) had different effects. %SS did not vary when the transducer was positioned on different parts of the body. Thus, both vibration pathways were equally effective in influencing fluency in the follow-up tests. The two projection pathways merge above the thalamus and it is likely that the second fluency-enhancement mechanism lies around this location (accessible by both pathways) since stimulation that affects each pathway is equally effective, as discussed in Section 1.3.
The fourth hypothesis explored whether VTF had similar effects to DAF. VTF had a greater effect upon %SS at low (0.5-1 m/s 2 ) and high (2.5-3 m/s 2 ) amplitudes than at the middle amplitude setting (1-2.5 m/ s 2 ). With DAF, the effects on fluency are greater when amplitude is increased (Howell & Archer, 1984) . The different patterns seen when VTF (curvilinear effect) and DAF (monotonic effect) amplitude are another difference between the two forms of altered feedback. Also, previous findings suggest that the cerebellum affects fluency when inputs are asynchronous (Howell & Sackin, 2002) . Anatomical considerations indicate that VTF does not involve the cerebellum, but fluency is enhanced nevertheless. These observations suggest that there is a second mechanism, other than that involving the cerebellum that influences fluency. The different amplitude responses may also reflect the fact that VTF and DAF affect separate fluency-enhancing mechanisms (cerebellar and supra-thalamic respectively). The second mechanism could be employed with synchronous feedback (auditory or otherwise) and VTF that cannot engage the cerebellar mechanism. The observed lack of rate effects on VTF would be expected if extra-cerebellar mechanisms are involved. As well as the present behavioral considerations, the anatomical observations about VTF pathways covered in the introduction also support involvement of a mechanism other than the cerebellum as an explanation of the fluency improvements.
Effect size comparison with literature
There was an average %SS reduction of 21.82% under VTF (a medium effect size). The effect observed here was less than in previous studies, e.g. Waddell et al. (2012) reported a 71-80% reduction. Nor is it comparable with reductions under DAF or FSF (Lincoln et al., 2006 report that FSF leads to a reduction in stuttering by 40-85%).
One possible explanation is that previous studies that have used tactile stimulators with resonant frequencies around 230-250 Hz, have unwittingly exposed participants to some auditory feedback (in addition to the intended VTF). It may, therefore, be auditory feedback that is partly responsible for the reduction in %SS in previous studies (also see Section 4.4.2 where the possibility that the Woojer did not adequately stimulate the Pacinian corpuscles is discussed). Future studies, incorporating, for example, a masking condition could help to determine whether VTF affects stuttering purely by influencing the somatosensory cortex or whether some degree of cochlear-mediated auditory feedback also plays a role.
Implications for development of VTF fluency aid
A clinical trial would be required before VTF could be seriously considered as an alternative form of fluency aid. Below we explore some of the strengths of VTF compared to auditory fluency aids (i.e. those making use of AAF) and speculate as to how the results of this study may contribute to the development of a VTF fluency aid in the future. The usefulness of VTF as compared to auditory fluency aids may depend on whether a user is concerned with maximal symptom reduction or a natural speaking rate. If %SS is targeted and rate influences can be tolerated, then it may be advisable to use DAF procedures. If procedures are required that do not affect speaking rate, then VTF may be favoured AS it avoids some of the drawbacks associated with DAF, for example the slowed speech sounds unnatural (Martin, Haroldson & Triden, 1984) . FSF would achieve this goal too, but users may prefer something that can be worn discretely rather than an in-the-ear device. In addition, instrumental (e.g. use of an accelerometer signal to drive VTF) and procedural factors (using participants with severe stuttering) may result in an increased effect of VTF on fluency compared to that estimated here. These considerations merit evaluation of fluency aids that incorporate VTF. A portable VTF device could overcome several of the limitations in DAF/FSF devices that are currently available as follows:
(1) VTF appears to function effectively at low amplitudes (i.e. 0.5-1 m/ s 2 ): High amplitude of VTF is not necessary to achieve optimum fluency gains. A portable device may reduce %SS whilst being minimally distracting for users. Furthermore, lower amplitudes reduce the potential for negative side effects (e.g. muscle fatigue) that can occur when exposed to high amplitude vibration for extended periods (Rollin Stott, 2006) . If lower amplitudes are employed, users could wear the device for longer periods without fatigue or the need to recharge batteries. (2) Reduced auditory interference: VTF avoids the occlusion of the ear that occurs when using DAF/FSF devices. Occlusion is likely to influence perception of sounds and has implications both for perception of environmental hazards and speech. (3) Endogenous speech specific: VTF, when driven by a piezo contact microphone or accelerometer placed on or near the larynx, only represents vibrations caused by the speaker's larynx, not extraneous speakers or environmental noises, as happens when condenser/ dynamic microphones are used. This would allow devices to work in noisy environments and for altered feedback to be limited to those occasions when the PWS is speaking. Table 4 Moments of the probability distribution (labelled in the columns) for the control %SS and SPPS conditions (labelled in the rows). This study did not examine subjective considerations for the use of a VTF Fluency Aid. Qualitative studies could explore the experience of individuals using VTF devices in real-world settings. These could establish whether users would tolerate wearing a skin-mounted VTF device, whether extended vibration feedback is tolerable, and how best to design a device that is user-friendly (e.g. easy to mount, secure once attached, and simple to operate).
Limitations
Participants
Caution must be exercised, given the small sample size (11), in applying these findings to the population as a whole. The small sample size may have led to a lack of statistical power, leading to type 2 errors in the follow-up tests of main effects and interactions within the experimental condition data. Replication with a larger sample would be advisable, e.g. 15 participants would have achieved statistical power of 0.8 (in line with Waddell et al.'s (2012) study).
There was marked variability in the effect of VTF on %SS amongst participants as has also been reported in previous studies. Here, for example, one participant experienced a 60% reduction in stuttering frequency while another experienced a 39% increase in stuttering frequency. Age of participants varied markedly. However, all participants were adult (older than 18 years) and stuttering was, therefore, unlikely to resolve. This would not have been the case if younger participants had been used. Similarly, severity was low. Clinicians suggest that milder stuttering is more difficult to treat than severe forms. Hence focusing on the milder end of the spectrum is justified. Heterogeneity in samples of PWS in studies is a strength of this work.
The effect of VTF on neurogenic stuttering speech was outside the scope of the study. This would, however, be a useful area to explore in the future. For example the question of whether delayed VTF perturbs neurogenic PWS in a way similar/dissimilar to DAF may shed more light on whether these two types of feedback act on a different fluencyenhancing mechanism.
Procedural factors
Synchronicity (i.e. VTF with a 200 ms delay vs. immediate) did not significantly affect levels of %SS (p = 0.134). This is at odds with KuniszykJozkowiak et al. (1996) . One possible reason for this discrepancy relates to the type of tactile stimulation used here. Tactile stimulators with resonant frequencies of 230-250 Hz (e.g. VBW32 Skin transducer, http://www. tactileresearch.org) have been used in previous studies (Waddell et al., 2012; Kuniszyk-Jozkowiak et al., 1996) . These frequencies correspond approximately with the most sensitive frequency for Pacinian corpuscles (Griffin, 1990; Siegel & Sapru, 2006) . However, the Woojer device used in this study has a resonant frequency of around 100 Hz. Consequently, the VTF delivered in this study may not have sufficiently stimulated these mechanoreceptors, potentially reducing its efficacy.
Table 7
Results of 3 × 3 × 2 repeated measures ANCOVA for comparison of %SS across VTF factors: placement, amplitude, and synchronicity conditions. In all cases the pretesting control %SS was used as a covariate. Table 8 Results of paired t-tests for comparison of SPSS in the three control conditions. The control conditions being compared are indicated in "column" one. VTF was driven by a microphone, rather than an accelerometer output. This could diminish the efficacy of VTF since Waddell et al., (2012) reported that using an accelerometer to capture laryngeal vibrations produced a significantly greater reduction in %SS as compared to microphone-driven VTF (80% vs. 71%, respectively). This may be because microphone-driven VTF captures background noises whereas accelerometer-driven VTF does not.
Conclusions
The effects of VTF on the fluency of PWS were confirmed. Speaking rate was not differentially affected between synchronous and asynchronous VTF conditions. Varying the amplitude has different effects for VTF and AAF. Together these findings suggest that VTF affects a different fluency-enhancing mechanim to AAF in PWS which, behavioral and anatomical findings suggest, is in post-thalamic pathways. The implications for a model of feedback control in PWS and for development of prosthetic VTF devices for PWS were discussed.
Several features of vibrotactile feedback
This study identified some of the neural structures that can be stimulated to improve the fluency of people who stutter. The study advanced our understanding of these fundamental processes. Several features of vibrotactile commend its use in prosthetic devices.
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